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Cranial radiotherapy in children often leads to progressive cognitive decline. We have established a rodent model of irradiation-
induced injury to the young brain. A single dose of 8Gy was administered to the left hemisphere of postnatal day 10 (P10) mice.
Harlequin (Hq) mice, carrying the hypomorphic apoptosis-inducing factor AIF
Hq mutation, express 60% less AIF at P10 and
displayed signiﬁcantly fewer dying cells in the subventricular zone (SVZ) 6h after IR, compared with wild type (Wt) littermates.
Irradiated cyclophilin A-deﬁcient (CypA
 / ) mice conﬁrmed that CypA has an essential role in AIF-induced apoptosis after IR.
Hq mice displayed no reduction in SVZ size 7 days after IR, whereas 48% of the SVZ was lost in Wt mice. The proliferation rate
was lower in the SVZ of Hq mice. Cultured neural precursor cells from the SVZ of Hq mice displayed a slower proliferation rate
and were more resistant to IR. IR preferentially kills proliferating cells, and the slower proliferation rate in the SVZ of Hq mice
may, at least partly, explain the protective effect of the Hq mutation. Together, these results indicate that targeting AIF may
provide a fruitful strategy for protection of normal brain tissue against the detrimental side effects of IR.
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Approximately one-third of all childhood cancers are brain
tumors.
1 About 70% of pediatric brain tumor patients survive,
and the survival rate has improved dramatically over the last
20 years.
2,3 Radiotherapy (RT) is one of the most effective
treatments for malignant brain tumors.
4 Cognitive deﬁcits are
some of the most common and serious long-term complica-
tions, so called late effects, of RT.
4–6 These symptoms were
mostsevereinchildrentreatedwithRTattheageof3yearsor
younger.
7–10 Even low doses of ionizing radiation to the CNS
may cause cognitive impairment
11 and the cognitive deﬁcits
observed after RT increase over time.
12,13 Ameliorating the
late effects caused by RT would greatly improve the quality of
life of the increasing number of childhood cancer survivors.
However, no effective methods for protecting the normal brain
tissue have been established and there is a lack of animal
models investigating strategies to limit the debilitating effects
of cranial RT.
14–19
Neurogenesis occurs throughout life in the subventricular
zone (SVZ) and the subgranular zone of the dentate
gyrus,
20–22makingthemparticularlysusceptibletoIR-induced
apoptosis.
14,15,23,24 Therapeutic doses of irradiation (IR)
result in increased apoptosis,
23,25 decreased cell proliferation
and reduced stem/progenitor cell differentiation into
neurons within the neurogenic regions, both in rodents
24,26
and in humans.
27 There are two distinct pathways leading
to nuclear apoptosis, caspase-dependent and caspase-
independent.
28–30 One of the key components of the
caspase-independent cell death pathway is apoptosis-
inducing factor (AIF) which, when released from mitochon-
dria, translocates to the nucleus and induces large-scale DNA
fragmentation and cell death.
31,32 AIF has a dual function in
thecontrolofstress-inducedcelldeath,
33alsobeinganNADH
oxidase, local redox function of which is essential for optimal
oxidative phosphorylation and for an efﬁcient anti-oxidant
defense.
34 The adult harlequin (Hq) mouse has about 80%
less brain AIF due to a proviral insertion in the AIF gene. Brain
tissue from adult Hq mice displayed signs of increased
oxidative stress, retinal and cerebellar degeneration.
34 On
postnatal day-10 (P10) Hq mice express approximately 60%
less brain AIF than their wild-type (Wt) littermates.
32 Inhibition
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32,35–37 Administration of AIF-neutralizing antibodies
can reduce NMDA excitotoxicity,
35 and knockdown of AIF
with small interfering RNA (siRNA) protects primary cultures
ofhippocampalneuronsfromglutamatetoxicity
36andprimary
cortical neurons from stretch-induced injury.
38 Adult Hq mice
displayed approximately 40% smaller infarcts in a model
of focal ischemia
36 and 44% less secondary contusion
expansion after traumatic brain injury.
38 Similarly, neonatal
Hq mice displayed approximately 50% smaller infarcts after
hypoxia-ischemia.
32
Recently, we demonstrated that in a model of IR-induced
progenitor cell death, X-linked inhibitor of apoptosis-protein
overexpression failed to mitigate cell death in the neurogenic
regions, even though it decreased caspase activation
15 and
oxidative stress,
39 presumably because there was a con-
current compensatory increase in the nuclear translocation
of AIF.
15 Inspired by these results, we examined whether the
reduction of AIF expression could inﬂuence IR-induced injury
in the young, still developing brain.
Results
Impact of the Hq mutation on acute cellular injury after
IR. Postnatal day-10 (P10) mice were subjected to IR of
the left hemisphere using a single dose of 8Gy, and we
examined the cellular injury 6h after IR using the oxidative
stress marker 4-hydroxy-2-nonenal (4HNE) and apoptosis-
related markers (AIF, active caspase-3 and TUNEL).
Representative photomicrographs of the SVZ in Wt and Hq
mice are shown in Figure 1a–d. Numerous cells displaying
nuclear AIF translocation were detected in the SVZ of Wt
mice after IR, not only in the ipsilateral but also in the
contralateral hemisphere, but there were very few cells with
AIF-positive nuclei in Hq mice (Figure 1a and e; Po0.001).
The contralateral hemisphere receives a lower dose of
scattered, secondary radiation. For example, if the SVZ is
irradiated with a direct dose of 12Gy, the contralateral
hemisphere exhibits an injury similar to that observed
after direct irradiation with a dose of 4Gy (Fukuda et al.,
15
Figure 5). Active caspase-3-positive cells were seen in the
SVZ of Wt and Hq mice, but fewer in the contralateral SVZ of
Hq mice (Figure 1b and f; Po0.01). The density of TUNEL-
positive cells followed that of active caspase-3-positive
cells, that is, many positive cells were seen in the SVZ after
IR, and the density in the contralateral SVZ from Hq mice was
signiﬁcantly lower than in Wt mice (Figure 1c and g, Po0.05).
As expected from the anti-oxidant role of AIF, several-fold
more 4HNE-positive cells were seen in the ipsilateral SVZ
from Hq mice (Figure 1d and h; Po0.001).
Impact of cyclophilin A deﬁciency on acute cellular
injury after IR. Earlier studies in vitro
40 and in vivo
41
indicate that AIF must interact with cyclophilin A (CypA) to
execute cell death. We irradiated Wt and CypA
 /  mice on
P10, and counted the number of cells immunopositive for
nuclear AIF or active caspase-3 6h after IR. Very few
AIF-positive nuclei were seen in the SVZ of CypA
 /  mice,
compared with Wt mice (Figure 2a and c, ipsilateral
Po0.001; contralateral Po0.01). The numbers of active
caspase-3-positive cells in the SVZ of CypA
 /  mice were
also much lower than those of Wt mice (Figure 2b and d;
Po0.001).
Impact of the Hq mutation on SVZ injury after IR. In
previous studies, we demonstrated that SVZ size was
decreased by IR.
14,15,42 We irradiated Wt and Hq mice on
P10 and measured SVZ areas 7 days later. The SVZ area in
control, non-irradiated Hq and heterozygous (Het) mice was
approximately half the size of that in non-IR Wt mice
(Figure 3). The SVZ area was reduced by IR in Wt mice
(44 and 55% in the contra- (Po0.05) and ipsilateral
hemispheres (Po0.01), respectively (Figure 3e). In
contrast, neither Hq nor Het mice displayed any reduction
in SVZ areas after IR (Figure 3e).
Vulnerability of stem cells versus committed
progenitors in the SVZ of Hq mice after IR. To examine
the effects of IR on non-committed stem cells versus
committed neural progenitor cells, we irradiated Wt and Hq
mice on P10. At7 days after IR, we counted the number of
cells positive for the transcription factor PAX6 (a marker of
immature cells in neurogenic regions) and doublecortin
(DCX, a marker of neuronal progenitors) (Figure 4a). The
number of PAX6-positive cells was reduced after IR in the
ipsilateral SVZ of Wt (Po0.01) but not Hq mice (Figure 4b).
We also counted the number of cells double-positive for
PAX6 and DCX (PAX6þ/DCXþ, indicating neuronally
committed cells) and PAX6-positive, DCX-negative
cells (PAX6þ/DCX , indicating non-committed or glial-
committed cells). Approximately half of the PAX6-positive
cells were DCX-negative (Figure 4b–d), and these cells were
generally located closer to the ventricular surface
(Figure 4a), as expected. The density of PAX6þ/DCXþ
cells tended to be reduced by IR in the ipsilateral SVZ of Wt
mice, although not signiﬁcantly so (Figure 4c; P¼0.067). In
contrast, IR signiﬁcantly reduced the density of PAX6þ/
DCX  cells, both in the contralateral (Po0.05) and in the
ipsilateral SVZ of Wt mice (Po0.01), suggesting that they
are more radiosensitive than PAX6þ/DCXþ cells in Wt
mice. The density of PAX6þ/DCX  cells was lower in
control, non-IR Hq mice than in non-IR Wt mice (Po0.01),
but unlike in Wt mice, the number was not affected by IR in
the Hq mice (Figure 4d).
Impact of the Hq mutation on cultured neural precursor
cells after IR. We examined the effects of the Hq mutation
on cultured neural stem and progenitor cells, here collectively
called neural precursor cells (NPCs), from the SVZ after IR.
We irradiated NPCs using a single dose of 2 or 4Gy. At
4h after IR, we counted the number of living (Trypan
blue-excluding) cells and evaluated their viability, as judged
by the conversion of the tetrazolium salt WST-1, requiring a
functional mitochondrial respiratory chain. The number of
living NPCs after 2Gy was 45% higher in the Hq than in the
Wt cultures (Figure 5a; Po0.05). The WST-1 assay
demonstrated that the viability of NPCs from the SVZ of Hq
mice 4h after IR was signiﬁcantly higher than the viability
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Cell Death and DiseaseFigure 1 Impact of the Hq mutation on acute cellular injury after IR. Representative microphotographs of the SVZ stained for AIF (a), active caspase-3 (b), TUNEL (c)
ortheoxidativestressmarker4HNE(d)inWtandHqmiceinthecontra-andipsilateralhemisphere6hafterIR.Bar¼200mm.QuantiﬁcationofAIF-(e),activecaspase-3-(f)
TUNEL- (g) and 4HNE-positive (h) cells in the SVZ 6h after IR is shown for Wt and Hq mice in the contra- and ipsilateral hemisphere. Data represent mean±S.E.M.
*Po0.05, **Po0.01 and ***Po0.001, n¼6 or 7 per group
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Cell Death and Diseaseof NPCs from Wt mice (Figure 5b; Po0.05, after both
2 and 4Gy).
Cell proliferation in the SVZ of non-irradiated Hq
mice. We examined the proliferation rate of precursor cells
in the SVZ of Wt, Het and Hq mice through BrdU pulse
labeling. The number of BrdU-labeled cells was counted 24h
after injection. Representative stainings from the SVZ of Wt
and Hq mice are shown in Figures 6a and b, respectively.
The density of labeled cells was signiﬁcantly lower in Hq and
Het mice than in Wt mice (Figure 6c; Wt versus Het 20%,
Po0.05; Wt versus Hq 33%, Po0.001). We also evaluated
the viability of non-irradiated SVZ NPCs in vitro using the
WST-1 assay and found that the signal was 15% lower in Hq
NPCs after 4 days in culture (Figure 6d; Po0.05). Provided
that cell size and survival rates are the same in Wt and Hq
NPCs, this indicates that the proliferation rate was lower in
Hq NPCs.
Impact of free radical scavenging on the SVZ in Hq mice
after IR. AIF deﬁciency renders cells more sensitive to
oxidative stress, as shown above by higher numbers of
4HNE-positive cells after IR in Hq versus Wt mice. We
hypothesized that increased susceptibility to oxidative stress
after IR would counteract the protective effects of AIF
deﬁciency. To investigate this, we treated mice with the
free radical scavenger edaravone, using a dose that was
effective in Hq mice subjected to hypoxia-ischemia.
32 We
irradiated mice on P10 and injected edaravone twice,
immediately before and immediately after IR. There was no
signiﬁcant difference between the edaravone- and vehicle-
treated mice 7 days after IR in any genotype, neither in the
ipsilateral nor in the contralateral hemispheres, with respect
to their SVZ areas (Table 1).
Discussion
AIF deﬁciency protects against IR in the SVZ through a
blunted apoptotic response. Together, these ﬁndings
in vivo and in vitro indicate that AIF deﬁciency generates
cell-intrinsic properties that make neural precursor cells more
resistant to ionizing radiation. It is possible that cell-extrinsic
properties of the SVZ neurogenic niche also provide
protective factors.
43 We have shown earlier that CypA is
necessary for injury-induced AIF translocation to nuclei
in vitro
40 and after cerebral ischemia in vivo.
41 Here we
show that in the absence of CypA, hardly any AIF-positive
nuclei could be observed in the SVZ after IR. Furthermore,
hardly any cells positive for active caspase-3 could be
Figure 2 Impact of cyclophilin A deﬁciency on acute cellular injury after IR. Representative microphotographs of the SVZ stained for AIF (a) and active caspase-3 (b).
Bar¼100mm. The number of AIF- (c) and active caspase-3-positive (d) cells in the SVZ 6h after IR is shown for Wt and CypA
 /  mice. Data represent mean±S.E.M.
**Po0.01 and ***Po0.001, n¼10 per group
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Cell Death and Diseasedetected, indicating that caspase-3 activation, too, was
reduced in stem and progenitor cells after IR, both in
CypA
 /  and Hq mice. This ﬁnding is different from cortical
tissue after hypoxia-ischemia, where tissue protection was
accompanied by abolished AIF translocation to neuronal
nuclei, but caspase-3 activation was unaffected.
32 Irradiation
of AIF-deﬁcient Hq mice and CypA-deﬁcient mice helped us
conﬁrm that AIF is important not only in brain injury after
ischemia and trauma, but also in IR-induced precursor cell
death in the SVZ. The size of the SVZ reﬂects the number of
proliferating cells, making SVZ size a useful surrogate
marker in this respect.
44 Finding lower densities of injured
cells in Hq brains even underestimates the effect of AIF
deﬁciency, as an identical number of injured cells in a smaller
area would yield an increased density.
AIF deﬁciency protects against IR in the SVZ through
decreased proliferation. The biological basis for cranial
radiotherapy is, partly, that malignant tumor cells proliferate
rapidly and hence are more susceptible to the extensive DNA
damage and oxidative stress induced by ionizing radiation.
Astrocytes and postmitotic neurons in the brain are relatively
radioresistant, but the neurogenic regions, where extensive
cell proliferation occurs throughout life, particularly in the
young brain, are highly sensitive to IR. Hence, a decreased
proliferation rate would likely confer relative protection
against IR. We observed that the SVZ size was smaller
in Het and Hq mice, and that this could be attributed,
at least partly, to a lower number of non-committed or
glial-committed (PAX6þ/DCX ) stem and progenitor
cells. Interestingly, the numbers of neuronal-committed
Figure 3 Impact oftheHqmutationon SVZinjuryafterIR.Representativemicrophotographs oftheSVZinWt micestainedwith thionin/acidfuchsin7daysafterIR(a–d).
WetracedtheSVZandevaluatedtheareas(a,whitedottedline)inthreeequallyspacedsectionsperbrainandusedtheaverageareaasn¼1.Bar¼100mm.Quantiﬁcation
of the SVZ areas of Wt, Het and Hq mice 7 days after IR (e). Data represent mean±S.E.M. **Po0.01. Wt: non-IR n¼7, IR n¼9. Het: non-IR n¼5, IR,
n¼4. Hq: non-IR n¼10, IR n¼9
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Cell Death and Diseaseprogenitors (PAX6þ/DCXþ) were not different between
the genotypes. BrdU pulsing revealed a dose-dependent
decrease in the proliferation rate in the SVZ of Het and Hq
mice, such that Hq mice displayed fewer BrdU-labeled cells
in the SVZ than Wt mice. This decreased proliferation rate
was conﬁrmed in vitro, where NPCs isolated from the SVZ
of Hq mice were demonstrated to proliferate at a slower
rate than cells from Wt mice, indicating that the reduced
Figure 4 Stem/progenitor cells in the SVZ of Hq mice after IR. Representative microphotographs of the SVZ (a) stained for PAX6 (red) and doublecortin (DCX) (green)
7 days after IR. Bar¼25mm. Quantiﬁcation of thenumber of (b) thePAX6-positivecells, (c) thePAX6- and DCX-positivecells (PAX6þ/DCXþ) and (d) thePAX6-positive,
DCX-negative cells (PAX6þ/DCX ). Data represent mean±S.E.M. *Po0.05, **Po0.01, n¼7 per group
Figure 5 Impact of the Hq mutation on cultured neural percursor cells after IR. (a) The number of living NPSCs from the SVZ of Wt and Hq mice 4h after 2 or 4Gy IR
(n¼4pergroup).(b)TheviabilityofNPSCsfromtheSVZofWtandHqmice4hafter2or4GyIR.(n¼10pergroup).Countingandevaluationofviabilitywereperformedas
described in Materials and methods, and data represent mean±S.E.M. *Po0.05
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Cell Death and Diseaseproliferation rate is caused by cell-intrinsic factors rather than
differences in the niche. The biological basis for the altered
rate of proliferation remains to be investigated. We recently
showed that the SVZ and the dentate gyrus respond
differently to IR
43 and it remains to be elucidated to what
extent AIF is involved in these differences.
Oxidative stress after IR. Irradiated neural precursor cells
in culture were reported to exhibit an acute, dose-dependent
apoptosis accompanied by an increase in reactive oxygen
species (ROS) that persisted over a 3–4-week period.
45
It has also been demonstrated in vivo that IR induces
oxidative stress in the neurogenic regions.
15,17,32,39,45
Oxidative stress can affect proliferation and neurogenesis,
and subsequently also cognitive function.
45 Recently, it has
been shown that the essential fatty acid precursor
eicosapentaenoic acid reduced ROS levels and resulted in
less radiation-induced injury in the adult rat brain.
17 Hq mice
are more susceptible to oxidative stress,
32,34 but the free
radical scavenger edaravone did not provide any beneﬁcial
effects, as judged by the SVZ size reduction 7 days after IR.
This stands in contrast to a study showing in vivo
Figure 6 Cell proliferation in the SVZ of non-IR Hq mice. Representative microphotographs from Wt (a) and Hq (b) brains of the SVZ stained for BrdU 24h after injection
on P10, without IR. Bar¼100mm. (c) Quantiﬁcation of the BrdU-positive cells in the SVZ of Wt (n¼6), Het (n¼6) and Hq (n¼7). (d) Proliferation of cultured NSPCs from
the SVZ of Wt and Hq mice 4 and 8 days after plating (n¼10 per group). Data represent mean±S.E.M. *Po0.05, ***Po0.001
Table 1 Impact of free radical scavenging
Wt (lm
2) Het (lm
2)H q ( lm
2)
Treatment Contralateral Ipsilateral Contralateral Ipsilateral Contralateral Ipsilateral
Vehicle 48.2±4.0 39.4±2.3 38.9±2.5 31.5±1.4 44.0±1.6 37.5±2.5
Edaravone 49.1±2.7 36.6±1.5 47.8±2.8 34.7±2.9 45.8±2.4 38.0±2.6
The SVZ areas in Wt, Het and Hq mice were measured in the contra- and ipsilateral hemispheres 7 days after IR. There were no signiﬁcant differences between the
groups. Vehicle: Wt, Het, Hq, n¼7, 5 and 5 per group, respectively; edaravone: n¼6 per group. Data represent mean±S.E.M.
Apoptosis-inducing factor deﬁciency decreases the proliferation rate
K Osato et al
7
Cell Death and Diseaseradioprotection by edaravone after whole-body irradiation of
mice
46 and an in vitro study showing that edaravone could
restore the differentiation of human neural precursor cells
after radiation-induced oxidative stress.
47 It is possible that
this is a matter of dose, or that the DNA damage inﬂicted by
IR overrides the blunted oxidative stress in the SVZ.
In summary, we have demonstrated that AIF deﬁciency
protectsagainstIR intheneurogenic SVZoftheyoung mouse
brain.Themechanismsunderlyingtheprotectionappeartobe
twofold, a blunted apoptotic response and decreased
proliferation rate of stem and progenitor cells in the SVZ. To
our knowledge, this is the ﬁrst report showing that AIF
deﬁciency exerts protective effects against IR, and also the
ﬁrst report indicating that AIF is important for the regulation of
proliferation.
Materials and Methods
Animals. All animal experimental protocols in this study were approved by
the Gothenburg animal ethics committee of the Swedish Board of Agriculture
(407-2004, 90-2005). Hq mice were from the Jackson Laboratory, Bar Harbor,
ME, USA. CypA
 /  mice were generated as described
48 and maintained on a
mixed genetic background.
41 Genotyping for Hq and CypA
 /  mice was performed
as previously described
32,41
Irradiation procedure. For IR of animals, a linear accelerator (Varian Clinac
600CD) with 4MV nominal photon energy and a dose rate of 2.3Gy/min was used.
Mice (10-day-old) of both sexes were anesthetized with an intraperitoneal injection
of tribromoethanol (Sigma-Aldrich, Stockholm, Sweden) and placed in prone
position (head to gantry) on a polystyrene bed. The left cerebral hemisphere was
irradiated with a radiation ﬁeld of 1 2cm with no divergence toward the right
hemisphere.Thesourcetoskindistancewasapproximately99.5cm.Theheadwas
covered with a 1cm tissue equivalent to achieve an even radiation dose throughout
the underlying tissue. A single absorbed dose of 8Gy was administered to every
mouse.Thedosevariationwithinthetarget volumewas estimatedto be ±5%.The
entire procedure was completed within 10min. After IR, the pups were returned to
their biological dams until killed. Sham control animals were anesthetized but not
subjected to IR. Using the LQ-model
49 and an a/b-ratio of three for late effects in
normal braintissue, an acute exposure of 8Gy is equivalentto approximately 18Gy
when delivered in repeated 2Gy fractions. This dose representsa clinically relevant
dose, equivalent to the dose used, for example, in treatment protocols for cranial
irradiation in selected cases of childhood acute lymphoblastic leukemia. It is a lower
dose than those used for treatment of malignant pediatric brain tumors, which may
be as high as 55Gy.
At 4 days before IR neurospheres were triturated as described below and plated
on poly-L-ornithine- (10mg/ml, Sigma-Aldrich)/Fibronectin- (1mg/ml, Sigma-Aldrich)
coated 96-well plates or 12-well non-adhesive cell culture plastic plates at 50000
cells/ml. Growing cell cultures were transferred to air-tight culture plastic plates and
either sham-irradiated or exposed to a single dose of 2 or 4Gy, using the same
linearacceleratorasabove,butwithadoserateof4.5Gy/min.Afterirradiation,cells
were returned to incubators until the time of assay. The level of culture medium in
the plastic plates was kept at approximately 1mm. To obtain a uniform radiation
dose throughout the culture medium, the plastic plates were positioned inside a
polystyrene phantom, 22 22 9cm. The cells in the plastic plates were
approximately 11mm from the bottom surface of the phantom. This distance of
11mm coincides with the dose maximum (Dmax) of the radiation ﬁeld. IR was
performedfrombelowthephantom,thatis,usinga gantryangleof 1801, sothatthe
radiationwouldreachthecellmediumbeforethegaseousspaceabove.Thesource
to cell distance was 91.1cm. The polystyrene phantom was positioned on a holder
without any material between the IR source and the phantom. The dose variation
within the culture medium was estimated to be less than 1.5%.
Tissuepreparation. Miceweredeeplyanesthetized 6h or7 daysafterIR and
transcardially perfusion-ﬁxed with 4% paraformaldehyde in phosphate-buffered
saline(PBS).Thebrainswere removedand immersion-ﬁxed inthesame solutionat
41C for 24h, dehydrated with a graded series of ethanol and xylene, embedded in
parafﬁn and cut into 5mm coronal sections.
BrdU administration. BrdU (Roche, Mannheim, Germany), 1mg/ml,
dissolved in PBS was injected intraperitoneally once at a dose of 50mg/kg on
P10 (without IR). Mice were killed 24h after the BrdU injection and the brains were
prepared as described above.
Histological and immunohistochemical procedures. Sections were
stained with thionin/acid fuchsin for morphological analysis, and adjacent sections
were immunostained using the following primary antibodies and working
concentrations: goat anti-AIF (1:100 in Tris-buffered saline with 0.1% Tween 20
(TBS-T); sc-9416, Santa Cruz Biotechnology, Santa Cruz, CA, USA), rabbit
anti-activecaspase-3(1:50inPBS;Pharmingen,SanDiego,CA,USA),rabbitanti-
4HNE (1:400 in PBS with 0.1% Triton X-100; HNE11-S, Alpha Diagnostic
International, San Antonio, TX, USA), monoclonal rat anti-BrdU (1:500 in PBS;
clone: BU1/75, Oxford Biotechnology Ltd., Oxfordshire, UK). After deparafﬁnization
and rehydration, antigen retrieval was performed by heating the sections for 10min
in 10mM citrate buffer (pH 6.0). Nonspeciﬁc binding was blocked with 3% donkey,
horse or goat serum (depending on the species used to raise the secondary
antibody) in PBS. After blocking, sections were incubated at room temperature for
1h with anti-AIF, anti-active caspase-3 or anti-BrdU, or at 41C over night with
anti-4HNE primary antibodies, followed by the appropriate biotinylated secondary
antibodies for 1h (Vector Laboratories, Burlingame, CA, USA). Endogenous
peroxidase activity was blocked with 3% H2O2 in Tris-buffered saline (TBS)
for 10min, and visualization was performed using an avidin–biotin–peroxidase
solution (Vectastain ABC Elite kit, Vector Laboratories) with 0.5mg/ml
3,30-diaminobenzidine enhanced with 15mg/ml ammonium nickel sulfate, 2mg/ml
-D-glucose, 0.4mg/ml ammonium chloride and 0.01mg/ml -glucose oxidase
(Sigma-Aldrich).
Immunoﬂuorescence staining. After antigen retrieval, nonspeciﬁc binding
was blocked for 30min with 3% donkey serum in PBS. After blocking, the sections
were incubated with mouse anti-PAX6 (1:200 in PBS; MAB 1260, Chemicon
InternationalInc.,Temecula,CA,USA)inPBSat 41Cover night.Afterwashingwith
PBS, sections were incubated with donkey anti–mouse 555 (1:400; Invitrogen,
Carlsbad, CA, USA) in PBS for 1h at room temperature, and were subsequently
incubated with goat anti-DCX (1:100 in PBS; sc-8066, Santa Cruz Biotechnology)
for 1h at room temperature, followed by donkey anti–goat 488 (1:200; Invitrogen)
inPBSfor1hatroomtemperature.AfterwashingwithPBS,sectionsweremounted
with ProLong Gold antifade reagent with DAPI (Invitrogen).
DNA fragmentation. Detection of DNA strand breaks by TUNEL was
performed according to the instructions of the manufacturer (Roche). Following
deparafﬁnization and antigen retrieval, sections were incubated with 3% bovine
serum albumin in 0.1M Tris-HCl (pH 7.5) for 30min, followed by TUNEL
reaction mixture (terminal deoxynucleotidyl transferase, ﬂuorescein-dUTP and
deoxynucleotide triphosphate) for 1h at 371C. Endogenous peroxidase activity was
blocked with 0.3% H2O2 in methanol for 10min, followed by 3% bovine serum
albumin in 0.1M Tris-HCl (pH 7.5) for 30min at room temperature. Incubation
with peroxidase-conjugated anti-ﬂuorescein (diluted 1:5) at 371C for 30min
was followed by visualization using 3,30-diaminobenzidine as described in the
previous section.
Neuropathological analysis
Assessment of injury. Quantitative morphological analysis of the proliferative
areas in the irradiated brains was performed on sections stained with thionin/acid
fuchsin. The areas of SVZ in the ipsi- and contralateral hemispheres were traced
and measured in three sections per animal, 10 sections (50mm) apart, using the
software ‘Stereo investigator ver. 6’ (MBF Bioscience, Williston, VT, USA). The
average value obtained for each area was used as n¼1.
Cell counting. Injured cells (positive for nuclear AIF, active caspase-3, 4HNE or
TUNEL 6h after IR) were counted throughout the SVZ and expressed as densities.
Cells immunopositive PAX6 and/or DCX (7 days after IR) were counted throughout
the SVZ and expressed as absolute numbers. All counts and measurements
were performed using Stereo investigator ver. 6 (MBF Bioscience, Magdeburg,
Germany).
Oxidative stress inhibition. The free radical scavenger edaravone (3-methyl-
1-phenyl-2-pyrazolin-5-one, MCI-186 from BIOMOL, Plymouth Meeting, PA, USA)
was dissolved in 100% DMSO and diluted 10 timeswith saline. It was injected twice
intraperitoneally at a dose of 10mg/kg (10ml/g body weight), immediately before
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containing 10% DMSO.
Preparation of neurosphere cultures. The SVZ was removed from Hq
and Wt mice at the age of P0 to P3. After removal of the meninges, the
tissue was minced and digested as described previously.
50 Cells were cultured
as neurospheres in serum-free DMEA/F12 medium (1:1, Invitrogen) or
in Neurobasal A medium (Invitrogen) supplemented with B27 (1:50, Invitrogen),
GlutaMAX (2mM, Invitrogen) and penicillin/streptomycin (100 U penicillin, 100mg
streptomycin, Invitrogen) at 100000 cells/ml in non-adhesive cell culture plastic
ﬂasks. The medium was supplemented with EGF (20ng/ml, Sigma-Aldrich,
St.Louis,MO),bFGF(10ng/ml,Roche)andheparin(2mg/ml,Sigma-Aldrich) every
otherday.Forpassaging,cellswerecollectedbycentrifugation(500 g,5min)and
the pellet resuspended in 500ml TrypLE Express (Invitrogen) and incubated at
371C for 2 3min with gentle trituration between incubations. After the second
incubation step,neurospheresweretrituratedﬁrstwith a1000ml pipette followedby
a 100ml pipette, suspended in fresh media and centrifuged as above. Viable cells
were counted using a hemacytometer.
Cell viability assay. Cell viability was measured by counting the living cell
numbers as described above and also by means of a tetrazolium-based assay.
At 4h and 4 days after irradiation, neurospheres cultured in 12-well plates were
collected and triturated as described above and the number of living cells was
counted after Trypan blue staining. The Premix WST-1 cell assay (Takara-bio,
Shiga, Japan) was performed according to the manufacturer’s instructions. This
assayisbasedonthecleavageoftetrazoliumsaltsbymitochondrialdehydrogenase
in viable cells using a colorimetric assay, and thereby enables us to evaluate both
cell viability and, provided that cell size and survival rates are unaltered,
proliferation.
Statistics. All data are presented as mean±S.E.M. Student’s t-test was used
when comparing two groups, whereas ANOVA followed by Fisher’s post hoc test
was used when comparing three of more groups. All statistical analyses were
performedusingSPSSstatisticssoftware(SPSSInc.,Chicago,IL, USA).A P-value
of o0.05 was considered signiﬁcant.
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